Power spectral density due to deep traps has been calculated in a junction field effect transistor ͑JFET͒ by a numerical procedure. Distribution of potential, density of carriers, and occupation factors were evaluated for any point of the structure. Different effects were found depending on the depth of the trap considered, such as spectra different from the pure Lorentzian shape or anomalous behavior of the noise amplitude with reverse voltage applied. The explanation of these effects may be useful for the characterization of midgap levels produced in JFETs under irradiation stress. Good agreement is achieved with the experiment.
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Fluctuating occupancy of deep level traps in the depletion region is the dominant mechanism for generationrecombination ͑GR͒ noise in field effect transistors. These types of processes are of crucial importance to understanding the behavior of junction field effect transistors ͑JFETs͒ used in instrumentation in a high radiation environment. 1, 2 In addition, knowledge of this process is essential since 1/f noise in several devices has been attributed to the superposition of individual GR noise spectra produced by a trap distribution in the band gap.
3-5 GR noise has been extensively studied in the past by approximating more or less accurately the capture-emission kinetics of a trap. Recent numerical works 6,7 on electronic properties of deep levels in reversebiased pn junctions have shown the need for an accurate simulation of the structure in order to interpret experimental and theoretical results. In consequence, we propose a numerical approach of the GR noise calculation which avoids approximations made in previous works, 4,5 allowing a better understanding of the deep level position influence on GR noise, as will be shown.
The aim of this letter is to extend the study of trapping and detrapping of deep levels in arbitrary pn junctions to structures such as JFET and MESFET and apply the results to a better knowledge of the GR noise in these devices. The scope of this work lies in the calculation of parameters related to the traps, such as occupation factors and time constants, in order to obtain the power spectral density associated with the carrier number fluctuations.
Our numerical method is based on the resolution of the Poisson equation to obtain the potential ⌽(x,y) and the occupation functions of the deep levels in a JFET where x and y are the transverse and longitudinal directions in the structure. Assuming a linear region and under the gradual channel approximation, the channel of a JFET can be divided into several identical pn junctions. We consider a p ϩ n junction with an arbitrary profile of shallow dopants with a density of
, and an arbitrary number of deep levels, with a concentration of N T (x). ͑xϭ0 is located at the metallurgical junction.͒ Given these assumptions, and considering the junction under reverse bias V G , this system can be described by Poisson's equation:
where the electron occupation factors of deep levels can be calculated in the following way:
where p(x) and n(x) are the distributions of free holes and electrons respectively, q is the magnitude of the electron charge, ⑀ s is the silicon dielectric constant, c p and c n are the hole and electron thermal-capture coefficient rates, and n1and p1 are the electron and hole densities when the Fermi level coincides with the deep level. The distribution of potential can be solved numerically 8 and has been successfully used to study the evolution of electrical magnitudes in pn junctions 6 and to determine the thermal-capture cross section of deep impurities. Once the theoretical distribution of the potential ⌽(x) is known for any value of the gate voltage, magnitudes of interest for the GR noise power spectra calculation, such as carrier concentrations and the deep-impurity occupation functions, can be deduced for any point of the sample. Using Sah's treatment 9 we can finally evaluate the spectral density arising from one trap only:
where
and is the angular frequency. Integral ͑4͒ is evaluated from the metallurgical junction (xϭ0) to the edge of the n region (xϭW). As the numerical procedure takes into account all junction points and considers more than just the depletion region, it is not necessary to introduce the effects 10 produced in the edge of the transition region separately in order to reproduce experimental curves. Our numerical method is useful when the effects of the whole device must be considered and in the case of arbitrary distributions of deep and shallow impurities.
The noise power spectra were thus numerically calculated for two centers uniformly distributed in Si: the Pt acceptor level (E c -E T ϭ0.23 eV, Fig. 1͒ and the Au acceptor midgap level (E c -E T ϭ0.55 eV, Fig. 2͒ , and two gate voltages: zero and pinchoff voltage at 300 K. Equation ͑3͒ was evaluated with Rϭ1 and 4 for Pt and Au, respectively. These figures contain several aspects worthy of note: first, the noise spectrum shape for the midgap trap shows a 1/f ␣ -like behavior with different ␣ when the reverse-bias varies. For the ideal single time constant case an f Ϫ2 dependence would have been obtained. Recently, the possibility of there being noise spectra different from the usual Lorentzians for an individual deep level 4 has been pointed out. In fact, gentler slopes have been found in experimental data 10, 11 from gold doped devices.
The explanation for the variation in slope with different gate voltages lies in the distribution of (x) along the junction ͑Fig. 3͒. When V G ϭ0 V, (x) ͑curve 4͒ varies from the depletion layer to the neutral one due to the free-carrier effect. This effect disappears when the pinchoff voltage is reached and the neutral region vanishes ͑curve 3͒, maintaining at a nearly constant value. Second, a different trend of the noise amplitude with bias is shown. Whereas in Pt ͑Fig. 1͒ the amplitude always decreases when the bias module increases, in Fig. 2 this behavior is inverted at low frequencies. To explain this opposite trend, we have calculated factor F(x) on the n side ͑negligible hole concentration͒
for the previous deep levels at zero and pinchoff voltages. For the platinum level the known peaked shape of factor F(x) is observed near the position where the electron pseudo-Fermi level and the impurity level match. The peak of F(x) shifts when the reverse bias increases. However, for gold, a broadening of the peak is also obtained. In Fig. 3 we show F(x) in a gold-doped device for two reverse-bias voltages. For V G ϭ0 V, F(x) has its expected peaked shape but when V G ϭϪ2 V is applied, a broadening of factor F(x) is obtained. Under these conditions, n(x)Ӎ0 along the whole device, and for midgap levels n1ϷRϫ p1. broadening of F(x) when the reverse bias increases causes the noise power amplitude to increase. Finally, good agreement between our calculations and the experimental noise power spectrum of gold-doped samples 10, 11 ͑Fig. 4͒ has been obtained.
In conclusion, a new procedure to accurately quantify the GR noise by bulk impurities in all the regions of a JFET by analyzing reverse-biased pn junctions has been presented. Our numerical method has been applied to deep levels in Si junctions showing and interpreting some anomalies in the noise power spectrum. Distortions of the pure Lorentzian shape have been explained and experimental measurements have been reproduced.
